mong the concerns associated with the "release" of transgenic plants into the environment is the possibility that genes transformed into a crop plant by recombinant DNA methods could spread into its wild relatives. The process of concern is introgression, the transfer of genes from one population into another via hybridization and subsequent backcrossing. If these genes confer some selective advantage on the wild relatives, then they could contribute to the development of new or more troublesome weedy forms. For example, genes for disease, drought, and herbicide resistance could all produce problems by enhancing the fitness of the wild relatives. The available evidence for gene flow between crops and their relatives provides a context for beginning to make realistic assessments of the risk of introgression of engineered genes into wild crop relatives.
The risk of engineered genes in maize spreading into teosinte would seem easily controlled wild relative complexes. Because much of the evidence for gene flow between maize and teosinte is circumstantial, I focus on studies employing molecular markers, which provide some of the best available evidence.
Documenting introgression
Whereas it is quite common to find naturally occurring hybrids between a crop and its nearest wild relatives, the demonstration of introgression between them is a much more difficult task (Heiser 1973 , Small 1984 . If one observes that a crop and its wild relative in a particular geographic region both possess a particular morphological trait, it may seem reasonable to conclude that the trait was transferred between them. However, these populations, which are growing under the same environmental regime, may simply share the trait as a result of either convergent evolution or joint inheritance of the trait from their common ancestor. The use of presumably neutral molecular markers (allozymes or DNA markers) reduces the likelihood of convergence; however, the problem of distinguishing introgressive molecular markers from ones jointly inherited from the common ancestor still exists (Heiser 1973 ). This problem is particularly troublesome because crops and their progenitors are separated by short evolutionary periods (10,000 years or less), and thus they are apt to possess similar genotypes. For this reason, convincing evidence for introgression is most likely to be obtained between crops and their more evolutionarily divergent wild relatives, which have more distinct genotypes.
An additional problem facing crop evolutionists is to infer the direction of gene flow (crop into wild versus wild into crop). One criterion employed by some authors (Doebley et al. 1987a , Rick et al. 1974 ) is the relative frequencies of the presumed introgressive allele in the crop and wild species. If, where a crop is sympatric (growing in the same region), with a wild relative, it possesses in low frequency a marker typical of the wild taxon and lacking in the crop elsewhere, then this evidence may be appropriately interpreted as introgression from the wild form into the cultigen. Introgression from the crop into the wild form could be documented by the reverse situation.
Notwithstanding (Figure 2) .
All teosintes can be crossed to maize, and they all form fertile hybrids with maize except for the tetraploid, Z. perennis (Wilkes 1967 ). Nevertheless, field observations reveal that some of these taxa form natural hybrids with maize much more frequently than do others (Wilkes 1977 (Figure 3 ), they are strongly selected against by both man and nature. The specific problem is that the pistillate inflorescences (ears) of maize and teosinte are vastly different in structure, one adapted to the needs of humankind for harvestability and the other to the demands of nature for natural seed dispersal (Galinat 1983 , Iltis 1983 , Weatherwax 1935 ). The result is that the influence of maize-teosinte hybrids on subsequent generations is minimized (Weatherwax 1935) .
Reciprocal introgression between teosinte and maize has been the subject of numerous articles since the beginning of this century (see Doebley 1984 for a review). Based on field observations of morphological traits, several authors have proposed extensive reciprocal introgression between Mexican annual teosinte and maize (Collins 1921 , Wilkes 1977 .
Of all the taxa, Z. mays ssp. mexicana has been most frequently described as possessing introgressive maize germ plasm. Some authors have argued against extensive introgression between maize and Mexican annual teosinte on the basis of cytology (Kato 1976 (Kato , 1984 and field observations (Doebley 1984) . My principal objection to the argument that there is extensive introgression between maize and teosinte is that alternative hypotheses, such as convergence and joint retention of the ancestral condition, have not been convincingly eliminated by the field observations.
Molecular evidence
Using molecular markers, my colleagues and I have examined the extent of introgression between maize and teosinte (Doebley et al. , 1987a . One approach used allozymes, which are allelic forms of enzymes that can be distinguished with gel electrophoresis. Our data showed that maize and Z. mays ssp. parviglumis are so similar in allozyme constitution that it would be difficult to apply allozymes to the study of introgression between them. However, the remaining teosinte taxa possessed allozymes distinct from those of maize at several loci. These allozymes represent molecular markers that potentially enable one to trace gene flow among these taxa.
A second approach examines the chloroplast genome, a circular DNA molecule housed in the chloroplast. Using restriction endonucleases (enzymes that cleave DNA at specific sites), we are able to distinguish the chloroplast genomes of different species or populations, and we can thereby detect cases in which the chloroplast genome of one species has become incorporated into another via introgression.
Allozyme analysis
We first examined whether introgression causes maize and teosinte plants collected from the same field to be homogeneous for their allozyme constitutions. Initially, five pairs of maize and teosinte populations were analyzed at 21 loci ). Since then, we have examined one additional sympatric pair of populations; this pair includes Z. mays ssp. mexicana from the Nobogame Valley (Doebley and Nabhan 1989).
Our hypothesis was that if introgression is continual between sympatric maize and teosinte populations, then genetic distance calculated between such populations should be less than that between nonsympatric populations. Our results , Doebley and Nabhan 1989) were contrary to this expectation. The populations of Z. mays ssp. mexicana, ssp. huehuetenangensis, and Z. diploperennis all showed their closest relationship to other populations of their own taxon and not to the maize with which they were growing. Similarly, the six maize populations all formed a closely related group and did not show a greater similarity to their sympatric teosinte populations. Thus our results demonstrated that sympatric maize and teosinte populations maintain distinct genetic constitutions despite the occasional formation of F1 hybrids.
One result of the allozyme analysis was particularly startling. This analysis revealed that Z. mays ssp. mexicana, which forms frequent hybrids with maize and has robust maize-like vegetative characteristics, is allozymically quite different from maize; however, Z. mays ssp. parviglumis, which rarely hybridizes with maize and appears more slender and grasslike, is essentially indistinguishable from maize in its allozyme constitution ). This paradoxical result underscores the importance of examining multiple sources of data (allozymes, cytology, and morphology) when studying evolutionary relationships and introgression.
Although our results show that sympatric maize and teosinte populations maintain distinct allozymic constitutions, there may be occasional cases of introgression. To address this possibility, we searched our raw data for allozymes with distributions that would suggest introgression (Doebley et al. , 1987a . If an allozyme typical of maize should appear at low frequency in a sympatric teosinte that typically lacks that allozyme, this finding would constitute evidence for introgression from maize into teosinte. The reverse situation would constitute evidence for introgression from teosinte into maize.
For example, Glul-7 is reasonably common in Z. mays but unknown in (Table 1) . The most parsimonious explanation for this distribution would be to infer introgression of this allozyme from maize into Z. luxurians.
A second more convincing case of introgression was found with Z. diploperennis. One plant of this wild species possessed two allozymes (Enpl-8 and Pgdl-3.8) that are otherwise unknown in this species but are common in maize (Table 1) . Because the two loci involved are tightly linked (3 map units apart) on chromosome 6, the segment of chromosome 6 that carries these two loci probably was transferred from maize into this single Z. diploperennis plant. These facts do not suggest that maize germ plasm forms a standard (typical) part of the Z. diploperennis genome, because the vast majority of Z. diploperennis plants possess typical allozymes for this species at these two loci.
Given that only 2 out of 219 Z. diploperennis and Z. luxurians plants showed signs of introgression, introgression appears to occur only at a low level. In both these cases, we suggest that the allozymes were derived from maize (Z. mays ssp. mays) and not another of the Z. mays subspecies because only maize is sympatric with these two species.
We also used allozyme distributions to check for introgression between maize and Z. mays ssp. mexicana (Doebley et al. 1987a ). Here, the challenge is greater because these two taxa are closely related, and thus they have similar allozyme constitutions. Nevertheless, we identified distributions of six allozymes at five loci that can be considered evidence of introgression ( Table 2 ). The best evidence comes from Enpl-14 and Glul-8. Both these allozymes are common in Z. mays ssp. mexicana but much rarer in maize. More important, they are found exclusively in maize from the central highlands of Mexico, the region to which Z. mays ssp. mexicana is indigenous. Because these two allozymes are common in Z. mays ssp. mexicana, much rarer in maize, and found only in maize growing in the geographic range of Z. mays ssp. mexicana, it seems most likely that these allozymes originated in Z. mays ssp. mexicana and have been transferred into maize.
Several additional allozymes (Glul-11, Pgdl-1.8, Pgd2-8, and Pgm2-7.2) occur in both maize and Z. mays ssp. mexicana in the central highlands of Mexico (Table 2) . Because these allozymes were not found in maize or teosinte from other regions, it seems probable that their occurrence in maize and teosinte from the central highlands is the result of introgression. The joint inheritance of these allozymes from a common ancestor hypothesis seems less likely for several reasons. Available evidence suggests that maize was domesticated only once and that the ancestral teosinte was most closely related to Z. mays ssp. parviglumis (Doebley in press  a,b) . If the co-occurrence of these allozymes in maize and teosinte (Z. mays ssp. mexicana) from the central highlands is the result of joint inheritance from their common ancestor, then both maize from other regions and Z. mays ssp. parviglumis should also possess these allozymes, which they do not. Therefore, in this case the joint inheritance hypothesis would require that these allozymes must have been lost from both Z. mays ssp. parviglumis and maize from regions other than the central highlands. This collection of hypothetical events seems far less parsimonious than the events required by the introgression hypothesis.
Chloroplast DNA analysis
Although allozymes provide good markers for the study of gene flow between maize and teosinte, chloroplast DNA (cpDNA) data offer much different means of assessing introgression. A feature of the chloroplast genome is that it is maternally inherited in Zea and most other angiosperms (Corriveau and Coleman 1988) . Thus the chloroplast genome of one taxon can be combined with the nuclear genome of another taxon by continued backcrossing to the paternal parent after an initial hybridization.
The chloroplast genome typically has little effect on the phenotype of plants. A plant that contains a teosinte 
-S (CMS-S). CMS-S maize and
Copandiro teosinte also share a mitochondrial genome that has unusual plasmid DNAs (called S-1 and S-2), so it is improbable that the similarity of their chloroplast genomes is due to convergence. Another possible interpretation is that CMS-S represents a separate domestication from Copandiro teosinte. But there is no other evidence supporting a separate domestication (Doebley in press a, Doebley and Sisco 1989). Therefore, it would appear that the chloroplast and mitochondrial genomes of CMS-S maize were derived from Copandiro teosinte by introgression.
Further evidence of the introgression of the chloroplast genome between maize and teosinte is presented in Table 3 
Conclusions
The earliest studies of gene flow between maize and teosinte focused on Of these three conditions, the third can be easily controlled because teosinte has a limited distribution and has not shown any tendency to spread beyond its natural range in Mexico and Central America. Thus the risk of engineered genes in maize spreading into teosinte would seem easily controlled. The risks for crops with more broadly distributed wild relatives (e.g., sorghum) are potentially greater.
